PURPOSE:: To assess maximum voluntary forefoot ground reaction force (Fm1LH) during multiple one-legged hopping (m1LH, a new jumping maneuver) and to determine the correlation between tibial volumetric bone mineral content (vBMC, a valid surrogate of bone strength) and Fm1LH. METHODS:: One hundred and eighty-five females (8-82 years old) and 138 males (8-71 years old) performed m1LH to measure Fm1LH acting on the forefoot during landing. Peripheral quantitative computed tomography (pQCT) scans were obtained to assess vBMC at 4, 14, 38 and 66% tibia length and calf muscle cross-sectional area (Ar.muscle) at the 66%-site. RESULTS:: In all 323 participants, Fm1LH corresponded to 3-3.5 times body weight, and Fm1LH predicted vBMC14% by 84.0% (P < 0.001). vBMC14% was better correlated with Fm1LH than with Ar.muscle in both males (R = 0.841 vs. R = 0.724) and females (R = 0.765 vs. R = 0.597). Fm1LH and vBMC14% both increased during growth and afterwards remained constant or decreased with age, but never increased above the values reached at the end of puberty. Fm1LH decreased by 23.6% between 21-30 and 61-82 years in females and by 14.0% between 31-40 and 51-71 years in males. vBMC14% decreased by 13.7% in females between 21-30 and 61-82 years but remained unchanged in adult males. CONCLUSIONS:: m1LH yields the highest (i.e. maximum) ground reaction force relative to other jumping maneuvers. Since bone strength is strongly governed by maximum muscle force, the concurrent assessment of pQCT-derived bone strength and Fm1LH might represent a new approach for the operational evaluation of musculoskeletal health. Medicine & Science in Sports & Exercise® Published ahead of Print contains articles in unedited manuscript form that have been peer reviewed and accepted for publication. This manuscript will undergo copyediting, page composition, and review of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered that could affect the content. vBMC 14% decreased by 13.7% in females between 21−30 and 61−82 years but remained unchanged in adult males. Conclusions: m1LH yields the highest (i.e. maximum) ground reaction force relative to other jumping maneuvers. Since bone strength is strongly governed by maximum muscle force, the concurrent assessment of pQCT-derived bone strength and F m1LH might represent a new approach for the operational evaluation of musculoskeletal health.
INTRODUCTION

Paragraph Number 1
The design of exercise modalities that aim at improving bone strength as a mechanical parameter for the prevention or treatment of osteoporosis requires knowledge about the factors driving bone accrual during growth, and factors limiting bone accrual during adulthood. However, current approaches to assess musculoskeletal health are often limited to bone strength (or surrogates thereof) alone. One of the prevailing dogmas in the field of bone functional adaptation posits that the increase in bone strength as a function of structural adaptation is driven by the experienced bone strains (Mechanostat theory), and that the highest bone strains are induced by muscle force (4, 9, 10, 11, 33, 38) . Following this line of reasoning, a very strong relationship should exist between bone strength and maximum muscle force.
Consequently, any operational assessment of musculoskeletal health should put bone strength in relation to maximum muscle force. Unfortunately, the accuracy of the relationship between bone and muscle can vary considerably (2, 10, 15, 23, 31) .
Paragraph Number 2
One reason for this is that maximum intrinsic muscle force cannot be directly measured under in vivo conditions in human muscles. Instead, muscle volume (7), crosssectional area (15) , mass (5) , torque (28) and ground reaction forces (2, 29) have been used as proxy markers for maximum muscle force. A second, practically more relevant reason is that movement patterns involving only concentric or isometric muscle contractions, a priori cannot yield maximum muscle forces. In fact, depending on the predominant myosin heavy chain isoform, human muscle fiber tension during active stretch (lengthening) equals 1.4−2.2 times the isometric tension (21) . Thus, it follows that maximum muscle force should be estimated during lengthening (eccentric) contractions. 3 Paragraph Number 3 With respect to isokinetic dynamometry, torque depends on angular velocity (27), and due to methodological difficulties (e.g. fixation of body parts, range of motion, variable hip and ankle joint angles), the variability in maximum (i.e. eccentric) torque output is relatively high, as indicated by the high standard deviation for this isokinetic contraction mode (27) . Therefore, eccentric plantarflexion torque is difficult to assess by means of isokinetic dynamometry, and consequently is not practical. Conversely, a useful and reproducible approach to estimate maximum muscle forces is to measure ground reaction forces during jumping (41).
However, the only two jumping maneuvers where peak voluntary ground reaction force (notably acting on the forefoot) occurs during landing are two-legged hopping (m2LH, repeated maximal jumps on both forefeet with stiff knees and without heel impact) and one-legged hopping (m1LH, repeated maximal jumps on the forefoot of one leg with a stiff knee and without heel impact, i.e. similar to hopping during rope-skipping) (41).
Paragraph Number 4 Peak voluntary forefoot ground reaction force during m2LH is approximately 3 times body weight per leg in 24 years old men and women (29) . Since mechanical output per leg is higher in one-legged jumps relative to two-legged jumps (3, 41) , and muscle activation during unilateral maximal tasks is 27−116 percent points higher relative to bilateral maximal tasks (40), m1LH should yield an even higher peak voluntary forefoot ground reaction force (F m1LH ). In fact, preliminary results from our laboratory showed that F m1LH is about 3.5 times body weight in young men and women, corresponding to an estimated peak plantarflexor muscle force of 10.5 times body weight, assuming a lever arm relationship between toes-rotational axis of the ankle joint and rotational axis of the ankle joint-achilles tendon of 3:1 4 A C C E P T E D (35) . We are not aware of any other movement pattern yielding higher peak force acting on the forefoot relative to m1LH. Despite the fact that m1LH is the movement pattern that produces the highest peak voluntary forefoot ground reaction force, and thus represents the most reasonable proxy marker for maximum voluntary plantarflexor muscle force, no studies have been performed to assess the relationship between F m1LH and bone strength.
Paragraph Number 5 Therefore, the main goal of this cross-sectional study was to investigate the relationship between F m1LH and bone strength in 323 healthy individuals of different age and gender. A bone's strength, as a mechanical property like compression-, bending-, shear-or torsion strength, depends on the (a) material property factor (stiffness, ultimate strength, yield point and fatigue life), (b) 'mass' factor (amount of bone tissue), (c) architectural factor (longitudinal and cross-sectional size and shape of the bone, trabecular and cortical bone), and (d) microdamage factor (amount of fatigue damage and repair in the bone) (12, 18) . While the 'mass' factor and the architectural factor are interconnected, the material property factor varies little with age and the microdamage factor cannot be assessed directly in vivo. In fact, it recently has been shown that in male tennis players the increase in the 'mass' factor in the dominant arm was used to modify the architectural factor (13) . According to mechanics, bending and torsion strength are influenced by all factors (a) to (d) (38) while axial compression is mainly related to (a), (b) and (c). Whereas (c) is described by the cross-sectional area, vBMC (representing bone mass in a cross-sectional slice of a given thickness) can be used as an estimator of the combination of (a) to (c), since a variation of each of the three factors will result in a variation of vBMC. If a constant slice thickness is applied, vBMC can be used as an estimator for compression strength, which includes more information than cross-sectional area alone.
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Paragraph Number 6 Consequently, we measured pQCT-derived vBMC at the four tibial sites most represented in the literature, i.e. 4, 14, 38 and 66% site (6, 31) . Subsequently, we used linear regression to determine which site-specific bone compression strength (we herein use the terms vBMC and bone compression strength interchangeably) is best predicted by F m1LH . Given that the smallest value of tibial vBMC and minimum values of tibial bending/torsion moments of inertia occur around 14% tibia length (6) , bone strength along the tibia length is minimal around 14% tibia length. We thus hypothesized that F m1LH would predict bone strength at 14% tibia length best. We further hypothesized that bone strength and F m1LH would be more strongly correlated than bone strength and calf muscle cross-sectional area (Ar.muscle), because bone strength should be adapted to maximum voluntary force and the correlation between force and muscle cross-sectional area is moderate (9, 14, 37) . Finally, we assessed the age-dependency of F m1LH in relation to bone strength and expected to find accordance between the two time courses.
METHODS
Participants
Paragraph Number 7 Sixty-seven young females (age range: 8−20 years), 118 adult females (age range: 21−82 years), 81 young males (age range: 8−20 years) and 57 adult males (age range: 21−71 years) volunteered to participate in this study ( Table 1 ). The population sample represented a wide range of age and physical activity levels. Children in grades 4 to 9 were recruited from local schools, competitive athletes came from different sports associations (volleyball, ice hockey, gymnastics and synchronized swimming), while all the sedentary and recreationally active (1−2 times per week) participants were recruited by placard. As inclusion criteria, participants had to be healthy (asymptomatic) and able to perform maximal jump maneuver on one leg. They were excluded from the study if they presented with a diagnosed musculoskeletal condition or were taking any medication for treating bone/cartilage. The participants were fully informed on the purposes and risks associated with the measurements before providing written, informed consent. This study conformed to the Declaration of Helsinki and was approved by ETH Zurich Ethics Committee.
Overview of experimental procedures
Paragraph Number 8 The participants reported to the laboratory once. We used pQCT to assess vBMC and Ar.muscle at various sites along the nondominant tibia. Accordingly, the left tibia was used for right-handed people and vice versa. An exception from this rule was made if the selected leg had been fractured anytime during the 10 years preceding the measurement.
Therefore, in five participants the contralateral leg was used. Immediately after the pQCT measurements, the participants performed three m1LHs on a ground reaction force plate to determine F m1LH , using the same leg employed for pQCT measurements.
Bone and muscle measurements
Paragraph Number 9 A XCT 3000 Scanner (Stratec, Pforzheim, Germany) was used for pQCT.
This apparatus measures attenuation of X-rays, which are linearly transformed into hydroxyapatite (HA) densities. HA density measurements were calibrated with respect to water, which was set to 60 mg HA/cm 3 . Fat resulted in a HA equivalent density of about 0 mg HA/cm 3 (1). HA equivalent densities were automatically calculated from the attenuation coefficients by employing the manufacturer's phantom, which itself was calibrated with respect to the European 7 A C C E P T E D Forearm Phantom (EFP; QRM, Erlangen, Germany). The apparatus was calibrated once every five measurements (for single slice -standard phantom) and once per week (for multiple slicecone phantom). Section images were obtained from the nondominant calf scout view of the tibiotalar joint. Scans were obtained at 4 (epiphysis), 14, 38 and 66% (diaphysis) of the tibia length (6, 31) . We measured the length of the tibia based on anatomical landmarks (from knee joint line to medial malleolus) using a ruler. For all measurements, the angle between the foot and tibia was adjusted to 120°.
Paragraph Number 10
According to the manufacturer, the radiation dose is 0.9 μS per single pQCT scan (whole body effective dose). Hence, the estimated total radiation dose for four images was 3.6 μS. Images were analyzed with the integrated XCT software in its version 6.00. 
Maximum voluntary forefoot ground reaction force
Paragraph Number 11 During the three m1LHs, which were separated by 1 min rest, F m1LH was measured as a function of time ( 
A C C E P T E D
For the detection, storage, and calculation of data we used the manufacturer's software (Leonardo Mechanography GRFP version 4.2, Novotec, Pforzheim, Germany). Any jumps with heel contact were excluded from the analysis. Heel contact was controlled visually during the jumping maneuver. F m1LH corresponded to peak force during m1LH and the highest F m1LH was chosen for further analyses (41).
Paragraph Number 12
Prior to m1LH, the participant's weight was measured to calculate body mass (body mass = weight / acceleration of gravity). The participants then started from an upright standing position with feet positioned hip-wide. After an acoustic signal from the device indicating the start of the measurement, the participants lifted the dominant sided foot off the force plate and started to jump repeatedly (approximately fifteen jumps comparable to hopping during rope-skipping) on the forefoot of their nondominant leg with a stiff knee. During the first few jumps, the participants were instructed to jump as fast as possible, whereas the subsequent jumps (about ten) should be executed as forceful as possible. Importantly, they were advised never to touch the ground with their heels during the jumping maneuver. The m1LH was performed with freely moving arms.
Paragraph Number 13
We have previously assessed the test-retest reliability of level of significance (P < 0.001, Table 2 ). In males and females, the correlation between vBMC 14% and F m1LH (R = 0.917, P < 0.001, Fig. 2A and R = 0.875, P < 0.001, Fig. 2B , respectively) was stronger than the correlation between vBMC 14% and Ar.muscle (R = 0.851, P < 0.001, Fig. 2C and R = 0.773, P < 0.001, Fig. 2D, respectively) .
RESULTS
Relationship
pQCT-values and maximum voluntary forefoot ground reaction force
Paragraph Number 17 Means and standard deviations from the pQCT-values and F m1LH are shown in Table 1 . The 29.7% higher (P < 0.001) vBMC 14% for adult females relative to young females was paralleled by 31.1% higher (P < 0.001) F m1LH and 36.8% higher (P < 0.001) Ar.muscle. In males, vBMC 14% was 37.7% higher in adult males relative to young males (P < 0.001). The higher vBMC 14% in adult males was paralleled by 50.4 and 33.7% higher Ar.muscle and F m1LH , respectively (P < 0.001 and P < 0.001, respectively). Only the ratio between F m1LH and gravitational force (F g ) was not significantly different for young and adult males (P = 0.064).
Between genders, young males had 30.6% (P < 0.001) higher vBMC 14% and 33.3% (P < 0.001) higher F m1LH relative to young females. vBMC 14% was 39.4% (P < 0.001) higher in adult males relative to adult females. The higher vBMC 14% in adult males as compared to adult females was paralleled by a 36.0% (P < 0.001) higher F m1LH . In all, F m1LH (Fig. 3A) and vBMC 14% (Fig. 3B) were higher in males than in females, reached peak values between 20 and 40 years of age, and afterwards remained either unchanged or tended to decrease.
Paragraph Number 18
In adult females, decade mean F m1LH decreased by 10.6% (P = 0.020) between the third and fifth decade, by 14.3% (P < 0.001) between the third and sixth decade, by 23 .6% (P < 0.001) between the third and seventh+ decade, by 20.7% (P < 0.001) between the 11 A C C E P T E D fourth and seventh+ decade, and by 14.5% (P = 0.014) between the fifth and seventh+ decade (Table 3) . In adult males, F m1LH decreased by 15.9% (P = 0.005) between the fourth and fifth decade and by 14.0% (P = 0.002) between the fourth and the sixth+ decade (Table 3) . Decade mean vBMC 14% decreased by 13.7% (P = 0.006) between the third and seventh+ decade in adult females (Table 3 ). Contrary to adult females, adult males showed no decline in vBMC 14% with ageing (P = 0.054, Table 3 ).
DISCUSSION
Paragraph Number 19
This study showed that the correlation between F m1LH (i.e. maximum voluntary forefoot ground reaction force during landing) and vBMC 14% (representing tibial bone strength) in 323 healthy male and female participants of different age was very strong. In all participants, F m1LH predicted 84.0% of the variability in vBMC 14% . Furthermore, vBMC 14% was better correlated with F m1LH than with Ar.muscle in both males and females. Notably, the time courses of vBMC 14% and F m1LH were concordant, possibly indicating that the increase in bone strength is mainly mediated by an increase in maximum force during growth, but that after puberty (i.e. growth plate closure), bone strength or joint size may limit maximum voluntary force while submaximum force and maximum power still remain trainable. The concurrent assessment of both pQCT-derived bone strength and F m1LH may thus represent a novel approach for the operational diagnosis of musculoskeletal conditions, for example to discern primary (low bone strength vs. normal maximum force) from secondary osteoporosis (low bone strength vs.
low maximum force), and to evaluate the effectiveness of new exercise modalities to improve musculoskeletal health during childhood. Paragraph Number 20 This is the first study to demonstrate a strong correlation between vBMC 14% (as a valid surrogate for bone strength) and F m1LH in a large sample of healthy individuals, irrespective of age, gender or training status. There are several reasons that might explain why the predictive power of F m1LH was highest for vBMC 14% . Firstly, it has been shown that minimal bending measures occur at around the 14% tibial site and that bending strength increased between the 14 and 66% site (31) . Secondly, around the 14% site no more trabecular bone exists and thus the tibia mainly consists of cortical bone at this location. Thirdly, consistent with our finding that vBMC was minimal at the 14% site, serial scans by pQCT obtained from the tibia corresponding to 5% steps of the tibia's length from distal to the proximal end revealed that vBMC is minimal at the 15% site in healthy individuals (6, 32) . Notably, cortical bone mineral content (vBMC 14% , vBMC 38% , vBMC 66% ) was better correlated with F m1LH than trabecular bone mineral content (vBMC 4% ).
Paragraph Number 21
Our cross-sectional data indicated that both F m1LH and vBMC 14% increased during growth irrespective of training status, reached peak values around 20 years of age and remained constant or slightly decreased afterwards. These results are in accordance with earlier findings that gains in muscle force and accrual of bone mass match each other during childhood (10, 30, 38) and that most of the bone mass will be accumulated in late adolescence (24, 25) . It is assumed by many (e.g. Frost) (12, 18) , that not only bone mass but also joint size is adapted to the peak loads at the end of puberty. Thus, as further assumed by Rittweger (30) , joint size may play an important role for understanding the muscle-bone relationship. Cartilage has the ability to transmit loads on bone. Notably, it has been shown that joint size rather than the thickness of cartilage does adapt to the 'loading history' during growth/childhood (8) . Further, it has been 13 A C C E P T E D reported that a 6-week postoperative unilateral immobilization of the knee in a 36 years old man resulted neither in a relevant side difference of tibial cartilage thickness nor in any change in knee joint size (17) . Altogether, these results support the notion that there exists a link between growth plate closure and joint size adaptability. However, in this article, we did neither provide any direct evidence for this notion nor potential mechanisms by which F m1LH could be limited by 'motor control' (as suggested by Rittweger) (30). Moreover, Hudelmaier et al. (17) analyzed knee joint adaptability, while our data and discussion is limited to tibial (joint) adaptation.
Nevertheless, following the previous line of reasoning, the ability of cartilage to transmit loads on bone (and therefore F m1LH acting on the tibia) could be limited because of the given joint size after puberty. Conversely, as a consequence of physical inactivity, the reduced F m1LH can lead to a decrease in vBMC, and with reloading through the still preserved joint area, F m1LH and thus vBMC 14% could thereafter still recover (a relative increase in F m1LH and thus vBMC 14% ) in a deconditioned population. However, recovery would not lead to levels (significantly) above those achieved at the end of puberty.
Paragraph Number 22
It is widely accepted that peak power decreases by at least 50−75% during ageing (22, 34) . Similarly, it has been shown that grip force decreases with age by approximately 50% (19, 22) . Relative to peak power and/or grip force, the age-associated decline in F m1LH was 2−5 times lower in this study in adult males and adult females. This finding indicates that in healthy individuals the age-related decrease in F m1LH is small relative to the decline in peak power or grip force. Moreover, the decrease in F m1LH (as evaluated by comparing the decade means) was biphasic for adult females and triphasic for adult males (Fig. 3A) . In adult females, the decrease in F m1LH between the fifth and seventh+ decade was more accentuated than
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between the third and fifth decade. In adult males, F m1LH did not decrease at all until 40 years of age, thereafter declined during the fifth decade (possibly reflecting the decrease in testosterone levels that can occur in older age groups) (26) and afterwards remained unchanged.
Paragraph Number 23
If muscle force strongly influenced bone strength, loss of muscle force in ageing adults should cause a corresponding age-related loss of bone, even if nonmechanical factors such as declining sex hormones effects helped to cause it (11). Our finding that vBMC 14% did not decrease with age in adult males contrasts the common belief that bone mass generally decreases in the ageing male (20, 39) and suggests that a ~15% decline in F m1LH during ageing is probably too small to cause disuse-mode bone remodeling at the 14%-site. Contrary to men, in most women loss of bone begins at menopause and continues until 75−85% of the premenopausal bone mass remains (36). The vBMC 14% decrease in adult females by 13.7% between the third and the seventh+ decade confirms the occurrence, time point of onset, and magnitude of bone loss in the ageing adult female. Because estrogen lowers the bone strain threshold that helps remodeling to control conservation and removal of bone, decreased estrogen levels (probably in conjunction with decreased F m1LH ) during menopause can cause bone loss (which plateaus later on) (36). Conversely, increased estrogen secretion at puberty should make girls add more bone than before in relation to the mechanical loads on their bones, but later, that gain should tend to plateau even though estrogen secretion continues (36). Therefore, we expected to observe a steeper increase in vBMC 14% during puberty relative to pre-puberty. Due to an insufficient number of data points in this age range we were unfortunately not able to confirm or reject the earlier observation made by Schiessl et al. (36) that in girls whole body bone mineral content begins to increase more than in boys at similar whole body lean masses.
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However, the influence of estrogen on bone strain threshold during puberty and menopause could be the reason why the correlation between F m1LH and vBMC 14% was weaker in females relative to males.
Paragraph Number 24
To the best of our knowledge, no investigators had used m1LH in combination with pQCT to study muscle-bone relationships of the lower leg before. m1LH fulfils three important prerequisites that makes it a suitable tool for investigating the relationship between bone and muscle. A first prerequisite is that during m1LH peak voluntary forefoot ground reaction force occurs during landing (41) and thus represents the most reasonable proxy marker for maximum voluntary plantarflexor muscle force. This is a crucial prerequisite since modeling and remodeling should adapt the bone's strength to its largest strains originating from muscle forces (4, 9, 11, 33) . As a second prerequisite, the jumping maneuver is practicable for both males and females over a wide age and body size range, in contrast to isokinetic dynamometry.
In fact, all participants in our study were able to perform m1LH as required. Finally, as shown by the low typical error expressed as coefficient of variation, the reproducibility of F m1LH is high.
High reliability implies high precision of single measurements, which is important for tracking individual changes in research and clinical or practical settings.
Paragraph Number 25
We do acknowledge some limitations with the current investigation. Firstly, our study had a cross-sectional design. Consequently, we were not able to provide individual time courses of F m1LH vs. vBMC 14% as a function of amount and type of physical activity. Secondly, our data pertinent to the test-retest reliability of F m1LH has been obtained in young, recreationally active participants. Therefore, generalizations about the reproducibility of 
